Metastable poly(phthalaldehyde) (PPHA) can be triggered to depolymerize under visible light by incorporation of photosensitive compounds, such as a photoacid generator (PAG), which can generate a strong acid in situ. However, photosensitive compounds can be thermally unstable and have limited shelf life, causing inadvertent device triggering. It can also be difficult to fabricate components that are photosensitive because special lighting conditions are needed. In this paper, nonphotosensitive PPHA films were formed and made photosensitive at the point of use. This improved the material shelf life and manufacturability by adding a second, PAG-containing layer to the original nonphotosensitive layer at an optimal point before use. The catalytic photoacid was generated rapidly by exposure of the PAG-containing layer to radiation. Depolymerization of PPHA via the acid catalyst was followed by diffusion of the acid into the nonphotosensitive layer causing it to depolymerize. Diffusion of the photoacid into the nonphotosensitive medium was quantified at various temperatures. Photoacid diffusion in a liquid, movingfront caused depolymerization of the nonphotosensitive PPHA layer. The fabricated bilayer structure allowed for better stability of the structural material using PPHA while still achieving transience.
| INTRODUCTION
The emerging field of research into transient devices has attracted attention because of the need for disappearing electronics and other applications where device discovery, recovery, or retrieval is undesirable. The goal is to create devices that degrade and can be incorporated into the surrounding environment with little or no environmental impact. 1, 2 To meet the transient device goals, the material needs to degrade quickly under local stimuli and disappear completely after degradation. Cyclic poly(phthalaldehyde) (PPHA), a cationically polymerized rigid polymer, is a potential candidate material for the emerging transient device applications. [3] [4] [5] PPHA is a self-immolative polymer where breaking an acetal linkage in the cyclic PPHA polymer backbone leads to cascading chain unzipping resulting in the polymer reverting back to its monomer form at temperatures above its ceiling temperature, ca. −42°C. 6, 7 PPHA degradation can be triggered by different types of stimuli.
These include photochemical (eg, visible light, light emitting diode, and ultraviolet), 5,7-9 chemical, 10, 11 thermal, 11,12 and mechanical stimulus. 13, 14 Visible light stimulus is particularly attractive because of the availability of ambient light. Phillips et al demonstrated the use of a photo-induced electron transfer (PET) reaction between a fused-aromatic-ring sensitizer and photoacid generator (PAG) to create a strong acid that led to PPHA degradation using visible light. 8 Anthracene (λ max = 370 nm) was modified to form 1,8-dimethoxy-9,10-bis(phenylethynyl)anthracene (DMBA, λ max = 476 nm and 504 nm)
allowing a broader wavelength of light to be harvested, resulting in a faster rate of degradation in sunlight. 8 However, the direct addition of photosensitive compounds into PPHA presents a risk of inadvertent photo or thermal triggering of PPHA during device fabrication. Also, photo-active compounds are known to have a limited shelf-life at elevated temperatures. 15 The free acid created by PAG activation limits the ultimate shelf life of the PPHA-containing component. Therefore, it is desirable to avoid adding the photosensitive compounds when fabricating transient devices until the last possible moment before use.
The use of a photosensitive/nonphotosensitive bilayer structure to study photoacid diffusion in photoresists has been previously reported. [16] [17] [18] [19] [20] [21] The rate of photoacid diffusion in photoresist can be quantified by allowing the photoacid to diffuse from a photosensitive layer to a nonphotosensitive layer. Specifically, diffusion occurs through a "reaction front" mechanism. This occurs in photoresist when the temperature is below the glass transition temperature of the nonphotosensitive material. The reaction front propagates stepwise from the photosensitive layer to the nonphotosensitive layer following a layer-by-layer mechanism. In this study, the acid diffusing into the nonphotosensitive layer initiating its depolymerization. A transient, bilayer structure can be made by first fabricating a nonphotosensitive PPHA structure under visible light followed by the formation of a thin, photosensitive PPHA layer on the existing structure using lamination or spray coating. When triggered, the photoacid propagates into the nonphotosensitive layer and catalyzes PPHA depolymerization.
In this study, a quantitative determination of the activation energy for the thermally induced depolymerization of PPHA powder, and PPHA films (with and without photosensitive compounds) were compared. The activation energy provided the basis for estimating the shelf life of the transient PPHA device based on the storage temperature. Bilayer PPHA structures were fabricated and the diffusivity of the acid was studied to determine the PPHA degradation rate based on acid diffusion. SCHEME 3 The resulting PPHA has a number average molecular weight of 397 kDa with a dispersity (Ð) of 1.18. Thermogravimetric analysis (TGA) was performed with a TA Q50
Instrument. All samples prepared were dried for over a month to ensure low solvent content. All samples tested were isothermally aged in a nitrogen-rich environment for 24 hours. TGA pan was cleaned by ramping to 900°C to remove organic residue. The time for 2% weight change for each sample was recorded as an indication of the onset of decomposition of the polymer and film.
To study the photoacid diffusivity from the photosensitive layer to the nonphotosensitive layer, the films were held in place using double-sided tape on a quartz substrate and flattened using 300 kPa hydraulic pressure to ensure sample flatness for later thickness measurement. Bilayer PPHA films were prepared by laminating two PPHA film layers using solvent bonding. Bilayer PPHA films were then exposed at a total dose of 3.6 J/cm 2 from a Xe lamp to ensure complete activation of the PAGs. 8 This dose was chosen because it is greater than the minimum dose needed for full PAG activation. 
| RESULT AND DISCUSSION
The rate-limiting step is PPHA depolymerization after the initial chain scission ring-opening reaction. 6 Chain scission ring opens the cyclic polymer and activates (deprotects) the newly created chain ends, initiating the rapid depolymerization of PPHA back to monomer. 11 First order reaction kinetics and an Arrhenius relationship for the rate constant was used to describe the PPHA degradation rate, Equation 1.
In Equation 1, k(T) is the reaction rate at a specific temperature T, A is a pre-exponential factor for the reaction, E A is the activation energy for the reaction, and R is the gas constant. Equation 1 can be linearized to obtain E A and A from gradient and interception, Equation 2.
The stability of PPHA polymer powder, PPHA polymer film without photosensitive compounds, and PPHA polymer film with photosensitive compounds (10 pphr PAG, 2.1 pphr anthracene) were evaluated.
The fractional weight change under isothermal conditions for each sample at a specific temperature was recorded, shown in Figure 1 . has been used to express the collision frequency of molecules at different temperatures. It was calculated from the y-intercept in No additional adhesive was applied to bond the films together. The PPHA depolymerization mechanism in the nonphotosensitive layer is by acid diffusion from the PAG-containing layer into the 600-μm thick nonphotosensitive PPHA films. Sufficient BMP TFSI was added to photosensitive layer to keep the depolymerized PPHA liquid so that acid diffusion was high during the whole depolymerization process.
18 Figure 3 shows the photoacid penetration depth of the 100-μm thick The photoacid-containing depolymerized liquid front moved into the fresh (nonphotosensitive) PPHA material on a layer-by-layer basis.
The reaction front continued to move until all the PPHA was mixed with the acid-loaded material, the PAG was consumed, or the PAG was diluted to such extent that it was no longer able to depolymerize PPHA. Although the PAG is a catalyst, impurities in the film, such as water and residual solvent, can consume a fraction of the in situ created photoacid.
The rate of photoacid diffusion and degradation of the PPHA is dominated by four factors: (a) rate of photoacid generation, (b) rate of PPHA depolymerization and liquification, (c) rate of photoacid quenching (ie, consumption), and (d) rate of photoacid diffusion into the solid PPHA. 23 In this study, a high exposure dose was used to activate the PAG in a short time eliminating photoacid generation from being the rate-limiting step. Moreover, the photoacid is known to be a very strong acid (pK a < −14) that will depolymerize PPHA rapidly. 24 The only consumption of acid that would occur is from trace alkaline impurities or side reactions, of which none have been identified. Since there are no alkaline additives in the PPHA films, photoacid quenching can be assumed negligible. Therefore, the rate-limiting step for depolymerization of nonphotosensitive PPHA using the two-layer structure is the rate of photoacid diffusion into the solid PPHA medium. The activation energy and pre-exponential factor for acid diffusion was calculated. Figure 4B shows the plot of the temperature dependence of the photoacid diffusion coefficient into depolymerized PPHA medium. The activation energy for the photoacid diffusion was found to be 79 kJ/mol with a pre-exponential factor of 7.6*10 14 s −1
. By knowing these two parameters, an amount of time for complete degradation of a PPHA film using a 100-μm photosensitive film with 5 pphr PAG can be estimated.
The PAG concentration in the photo-active layer and photosensitive layer thickness were varied to see their influence on acid diffusion. The penetration depth and standard deviation are summarized in Figure 5 . Figure 6A Acid-catalyzed degradation of PPHA is known to be an exothermic reaction. 8 The addition of more polymer and more PAG resulted in greater local heating to facilitate acid diffusion. In addition, a higher concentration of PAG or greater thickness of the photosensitive layer produced a higher local concentration of acid during liquification of the underlying layers. Thus, the diffusivity increased for both cases, concentration and thickness.
To demonstrate the utility of a bilayer transient PPHA film, a formulation of 0.3 g PPHA containing 60 pphr BMP TFSI, 10 pphr PAG, and 2.1 pphr anthracene was prepared and spray coated onto a 150-μm thick PPHA film. 
| SUMMARY
The need for and advantages of using a photo-active/nonphotoactive bilayer structure in the fabrication of PPHA-based transient devices is described. Nonphotosensitive PPHA films have a long shelf-life at room temperature and can be safely handled in any lighting condition. 
